Introduction {#sec1-0300060519885569}
============

Skeletal muscle has recently become recognized as an active endocrine organ with a vital role in regulating metabolism and the inflammatory response via the secretion of myokines.^[@bibr1-0300060519885569]^ These myokines are capable of interacting with brain, liver, adipose tissue, and other organs in a series of physical processes.^[@bibr2-0300060519885569]^ Furthermore, many skeletal muscle-derived proteins such as interleukin (IL)-6, IL-13, IL-15, fibroblast growth factor-21, brain-derived neurotrophic factor, and irisin have been screened, and some have been shown to affect glucose and fatty acid metabolism, insulin resistance, and chronic inflammatory reactions.^[@bibr3-0300060519885569][@bibr4-0300060519885569]--[@bibr5-0300060519885569]^

Boström et al.^[@bibr1-0300060519885569]^ identified irisin as a novel type of myokine in both mice and humans. Irisin is primarily expressed as the type I membrane precursor protein fibronectin type III domain-containing 5 (FNDC5) in muscle, which is subsequently secreted into the circulation system. Irisin levels can be enhanced by overexpression of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) and by aerobic exercise training. Irisin is secreted by skeletal muscle. Previous studies^[@bibr1-0300060519885569],[@bibr2-0300060519885569]^ demonstrated that exercise up-regulated PGC-1α expression in skeletal muscle cells. PGC-1α is enhanced by up-regulating the expression of FNDC5, whereas irisin is mainly generated by cleavage of FNDC5.^[@bibr1-0300060519885569]^ Irisin can improve glucose metabolism and insulin resistance.^[@bibr2-0300060519885569],[@bibr3-0300060519885569]^ Furthermore, previous studies found that dipeptidyl peptidase 4 (DPP-4) inhibitors were capable of up-regulating PGC-1α expression levels in the liver of rats fed a high-fat diet.^[@bibr4-0300060519885569]^

Sitagliptin is a DPP-4 inhibitor that prevents DPP-4 from hydrolyzing intestinal islet-stimulating hormone, thereby increasing plasma concentrations of the active forms of glucagon-like peptide 1 and glucose-dependent insulinotropic polypeptide. By up-regulating the level of active incretin, sitagliptin can increase insulin release and reduce glucagon levels in a glucose-dependent manner.^[@bibr1-0300060519885569][@bibr2-0300060519885569]--[@bibr3-0300060519885569]^

In this investigation, we established a rat model of type 2 diabetes mellitus (T2DM) and evaluated the effects of sitagliptin on skeletal muscle expression of PGC-1α and irisin, and on markers of insulin resistance, glycolipid metabolism, and inflammation.

Materials and methods {#sec2-0300060519885569}
=====================

Animals and reagents {#sec3-0300060519885569}
--------------------

Streptozotocin (STZ) was purchased from Sigma (St. Louis, MO, USA). PGC-1α, irisin, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers were designed and synthesized by Wuhan Boster Biological Technology Co., Ltd. (Wuhan, Hubei, China). Primary and secondary antibodies to PGC-1α were purchased from Wuhan Proteintech Group (Wuhan, Hubei, China) and Wuhan Boster Biological Technology Co., Ltd. (Wuhan, Hubie, China), respectively. The reverse-transcription kit was purchased from Invitrogen (Carlsbad, CA, USA). Fasting plasma glucose (FPG) was detected using a blood glucose meter (Johnson & Johnson, New Brunswick, NJ, USA). High-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC), and triglycerides (TG) were detected using a C8000 automatic biochemical analyzer (Abbott, Abbott Park, IL, USA). Insulin was detected with a Cobase411 automatic electrochemiluminescence analyzer (Roche, Basel, Switzerland). The rat tumor necrosis factor-α (TNF-α) enzyme-linked immunosorbent assay kit was purchased from Beijing Neobioscience (Beijing, China). Male Sprague-Dawley rats (specific-pathogen-free grade; weight 190--210 g, age 8 weeks) were purchased from the Experimental Animal Center of Wuhan University (SCXK (Hubei) 2017-0012) and reared in the Experimental Animal Center of Affiliated Renhe Hospital of China Three Gorges University for 7 days.

T2DM rat model establishment and grouping {#sec4-0300060519885569}
-----------------------------------------

Forty-two rats were divided randomly into normal control (NC; n = 10) and experimental groups (n = 32). NC rats were fed a normal diet and rats in the experimental group were fed a high-fat diet (carbohydrate 30.01%, fat 53.75%, protein 16.24%, total calories 486 kcal/100 g; Wuhan Boster Biological Technology). After feeding for 4 weeks, STZ 40 mg/kg was injected intraperitoneally and blood glucose levels in the tail vein were measured 72 hours later. The rat T2DM model was considered to have been established successfully if the blood glucose was ≥16.7 mmol.^[@bibr5-0300060519885569]^ T2DM was successfully established in 30 rats. After feeding with a high-fat diet for 4 weeks, the rats were divided randomly into T2DM low-dose sitagliptin (ST1, sitagliptin 5 mg/kg/day via intragastric administration) and high-dose sitagliptin groups (ST2, 10 mg/kg/day sitagliptin) for 8 weeks. The NC and T2DM groups received an equivalent volume of normal saline via intragastric administration. Homeostatic model assessment-insulin resistance (HOMA-IR) was calculated as follows: HOMA-IR = FPG (mmol/L) × fasting insulin (FIns) (mIU/L)/22.5. All animal experiments were approved by the local Ethics Committee or Institutional Review Board of Affiliated Renhe Hospital of China Three Gorges University (EF201900011).

Sample collection {#sec5-0300060519885569}
-----------------

At the end of the 16th week, all rats were fasted for 12 hours and then sacrificed under pentobarbital anesthesia. Blood samples were taken from the abdominal aorta and stored at −80°C for subsequent use. Gastrocnemius muscle samples were obtained immediately after blood sampling, marked, and maintained in a refrigerator at −80°C.

Reverse transcription-polymerase chain reaction (RT-PCR) {#sec6-0300060519885569}
--------------------------------------------------------

PGC-1α and Fndc5 mRNA levels in muscle tissues from the T2DM model rats were measured quantitatively by RT-PCR. Approximately 100 mg fresh frozen gastrocnemius tissues stored at −80°C were prepared, RNA was extracted according to the TRIzol one-step method,^[@bibr5-0300060519885569]^ and the concentration and purity of the RNA were measured as described previously.^[@bibr5-0300060519885569]^ cDNA was obtained by reverse transcription of the extracted RNA and amplified using the following primers: PGC-1α forward primer: 5′-AAGGTCCCCAGGCAGTAGAT-3′, reverse primer: 5′-TTCAGACTCCCGCTTCTCAT-3′; irisin forward primer: 5′-GATCATCGTCGTGGTCCTCTT-3′, reverse primer 5′-ATGCACTCTTGGTTTTTTCCTT-3′.

Western blot {#sec7-0300060519885569}
------------

Muscle tissue (0.2 g) was placed in a 1- to 2-mL homogenizer and cut into pieces using clean scissors. Single detergent lysate (400 μL, containing phenylmethylsulfonyl fluoride; Sigma) was added to homogenize the tissue pieces and then placed on ice. After 5 minutes, the tissues were ground again and placed on ice, and this process was repeated three times. After lysis in RIPA solution for 30 minutes, the lysate was transferred to a 1.5-mL centrifuge tube with a pipette, and then centrifuged at 15,000 × *g* for 5 minutes at 4°C. The supernatant was removed and divided into 0.5-mL centrifuge tubes, stored at −20°C, and then incubated with goat anti-rabbit irisin antibody (1:10,000 dilution; Sigma). The signal generated by the horseradish peroxidase-coupled anti-p-AMPK and anti-GAPDH antibodies (Sigma) was exposed on Kodak X-film (Kodak, Tokyo, Japan) and detected using an enhanced chemiluminescence detection system (Sigma). Signal densities were analyzed using Bandscan 4.3 software (Glyko Inc., Novato, CA, USA) to determine the protein levels, corrected to the value of the GAPDH band.

Statistical analysis {#sec8-0300060519885569}
--------------------

Statistical analysis was conducted using SPSS for Windows, Version 17.0 (SPSS Inc., Chicago, IL, USA). All data were expressed as mean ± standard deviation. Differences among multiple groups were analyzed by one-way ANOVA, and comparisons between two groups by least significant difference *t*-tests. A *P* value \<0.05 was considered significant.

Results {#sec9-0300060519885569}
=======

Comparison of metabolism-related parameters {#sec10-0300060519885569}
-------------------------------------------

The metabolic parameters in the different groups are shown in [Table 1](#table1-0300060519885569){ref-type="table"}. FPG, FIns, TNF-α, and TG were all significantly higher in the T2DM compared with the NC, ST1, and ST2 groups (all P \< 0.05), while FPG, FIns, TNF-α, TC, TG, and HOMA-IR were all significantly lower in the ST2 compared with the ST1 group (all *P* \< 0.05).

###### 

Metabolism-related parameters in rats with type 2 diabetes mellitus, with or without sitagliptin.

![](10.1177_0300060519885569-table1)

  Group       n    FPG(mmol/L)         FIns(mmol/L)         TNF-α(ng/ml)         TC(mmol/L)       TG(mmol/L)          HDL-C(mmol/L)   LDL-C(mmol/L)   HOMA-IR
  ----------- ---- ------------------- -------------------- -------------------- ---------------- ------------------- --------------- --------------- -------------------
  NC group    10   4.66 ± 1.05         9.89 ± 1.37          14.26 ± 2.37         1.51 ± 0.17      0.58 ± 0.34         0.88 ± 0.37     0.42 ± 0.12     3.40 ± 0.31
  DM group    10   18.93 ± 1.9^\#^     20.22 ± 2.0^\#^      36.81 ± 8.5^\#^      1.88 ± 0.19\*    1.37 ± 0.40^\#^     0.65 ± 0.39\*   0.68 ± 0.10\*   9.90 ± 0.3^\#^
  ST1 group   10   10.93 ± 1.5\*       16.89 ± 2.0\*^,△^    30.03 ± 3.1^\#,△^    1.89 ± 0.17\*    1.35 ± 0.37         0.69 ± 0.38     0.66 ± 0.11     7.80 ± 0.3\*^,△^
  ST2 group   10   6.93 ± 1.38\*^,⋆^   12.97 ± 2.08\*^,⋆^   22.27 ± 3.75\*^,⋆^   1.78 ± 0.16^⋆^   0.89 ± 0.40\*^,⋆^   0.72 ± 0.38     0.62 ± 0.13     5.60 ± 0.37\*^,⋆^

Values presented as mean ± standard deviation. \**P* \< 0.05 and ^\#^*P* \< 0.01 compared with NC group; ^△^*P* \< 0.05 compared with DM group; ^⋆^*P* \< 0.05 compared with ST1 group. NC, normal control; DM, type 2 diabetes mellitus; ST1, low-dose sitagliptin; ST2, high-dose sitagliptin, FPG, fasting plasma glucose; FIns, fasting insulin; TNF-α, tumor necrosis factor-α; TC, HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; HOMA-IR, homeostasis model of assessment insulin resistance.

Comparison of PGC-1α, irisin, and phosphoadenylated adenylate activated protein kinase (p-AMPK) protein expression profiles {#sec11-0300060519885569}
---------------------------------------------------------------------------------------------------------------------------

The protein expression levels of PGC-1α, irisin, and p-AMPK were significantly higher in the NC compared with the DM, ST1, and ST2 groups (all *P* \< 0.05). The expression levels of these biomarkers were significantly up-regulated in both the ST1 and ST2 groups compared with the T2DM group (all *P* \< 0.05), and were significantly higher in the SR2 compared with the ST1 group (all *P* \< 0.05) ([Figure 1](#fig1-0300060519885569){ref-type="fig"}).

![Expression profiles of PGC-1α, irisin, and p-AMPK proteins in skeletal muscle from rats with type 2 diabetes mellitus, with or without sitagliptin. \**P* \< 0.05 and ^\#^*P* \< 0.01 compared with NC group; ^△^*P* \< 0.05 compared with DM group; ^▲^*P* \< 0.05 compared with ST1 group. Size markers for PGC-1α, irisin, p-AMPK, and GADPH were 140, 22, 65, and 37 kD, respectively. PGC-1α, peroxisome proliferator-activated receptor γ coactivator-1α; p-AMPK, phosphoadenylated adenylate activated protein kinase; NC, normal control; DM, type 2 diabetes mellitus; ST1, low-dose sitagliptin; ST2, high-dose sitagliptin, GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](10.1177_0300060519885569-fig1){#fig1-0300060519885569}

Comparison of mRNA expression profiles of PGC-1α and Fndc5 {#sec12-0300060519885569}
----------------------------------------------------------

PGC-1α and Fndc5 mRNA levels were significantly higher in the NC group compared with the T2DM, ST1, and ST2 groups. All the markers were also significantly higher in both the ST1 and ST2 groups compared with the T2DM group (all *P* \< 0.05), and were significantly up-regulated in the ST2 compared with the ST1 group (both *P* \< 0.05) ([Figure 2](#fig2-0300060519885569){ref-type="fig"}).

![Expression profiles of PGC-1α, irisin, and p-AMPK mRNA in skeletal muscle from rats with type 2 diabetes mellitus, with or without sitagliptin. \**P* \< 0.05 and ^\#^*P* \< 0.01 compared with NC group; ^△^*P* \< 0.05 compared with DM group; ^▲^*P* \< 0.05 compared with ST1 group. PGC-1α, peroxisome proliferator-activated receptor γ coactivator-1α; NC, normal control; DM, type 2 diabetes mellitus; ST1, low-dose sitagliptin; ST2, high-dose sitagliptin.](10.1177_0300060519885569-fig2){#fig2-0300060519885569}

Discussion {#sec13-0300060519885569}
==========

PGC-1α has been shown to up-regulate GLUT4 and GLUT2 expression in skeletal muscle and to increase glucose uptake.^[@bibr6-0300060519885569],[@bibr7-0300060519885569]^ Furthermore, insulin resistance and glucose metabolism were enhanced by up-regulating the expression of PGC-1α in skeletal muscle,^[@bibr8-0300060519885569],[@bibr9-0300060519885569]^ while recent studies demonstrated that insulin sensitivity was reduced by down-regulation of PGC-1α expression in rats,^[@bibr10-0300060519885569]^ and Kleiner et al.^[@bibr11-0300060519885569]^ found that insulin resistance was increased in PGC-1α-knockout mice. Metformin improved insulin resistance and glucose metabolism by up-regulating the expression levels of PGC-1α, p-AMPK, and p-ERK in C2C12 cells and skeletal muscle in ob/ob rats.^[@bibr12-0300060519885569]^ However, down-regulation of PGC-1α expression by small interfering RNA reduced p-AMPK and p-ERK expression, and this effect was not reversed by metformin, suggesting that PGC-1α plays a key role in glucose metabolism and insulin resistance. Clinical studies have indicated that placental PGC-1α expression is down-regulated in patients with gestational diabetes mellitus, contributing to abnormal fetal glucose metabolism,^[@bibr13-0300060519885569]^ and indicating a close association between PGC-1α and glucose metabolism. Down-regulation of PGC-1α thus participates in the occurrence of insulin resistance and diabetes mellitus, and PGC-1α is closely correlated with glucose metabolism and plays a protective role in the occurrence of T2DM.^[@bibr14-0300060519885569]^ PGC-1α expression levels were shown to be down-regulated the plantar muscle in T2DM rats.^[@bibr15-0300060519885569]^ Skeletal muscle PGC-1α was also down-regulated in diabetic rats in the current study, suggesting that decreased expression of PGC-1α in skeletal muscle may be involved in the occurrence of T2DM. Aroor et al.^[@bibr4-0300060519885569]^ found that administration of the DPP4 inhibitor MK0626 up-regulated PGC-1α expression in the liver in rats fed a high-fat diet and reduced insulin resistance. In the present experiment, the DPP4 inhibitor sitagliptin up-regulated the expression of PGC-1α in skeletal muscle of diabetic rats and decreased HOMA-IR, suggesting that it improved insulin resistance partially by up-regulation of PGC-1α. PGC-1α can regulate the expression of irisin.^[@bibr1-0300060519885569]^ We considered that the up-regulation of irisin by sitagliptin in the current study was achieved by regulating the expression of PGC-1α. Intraperitoneal injection of recombinant irisin was previously shown to reduce blood glucose in diabetic rats,^[@bibr16-0300060519885569]^ correlated with increased phosphorylation of AMPK in skeletal muscle and glucose uptake.^[@bibr17-0300060519885569]^ Up-regulated expression levels of PGC-1α and irisin in rats fed a high-fat diet were accompanied by increased AMPK phosphorylation,^[@bibr18-0300060519885569]^ and sitagliptin was previously shown to increase the levels of phosphorylated AMPK.^[@bibr19-0300060519885569]^ In the present study, sitagliptin increased the expression of p-AMPK in skeletal muscle of diabetic rats, partially by up-regulating PGC-1α and irisin expression. This suggests the existence of a PGC-1α--irisin--p-AMPK signaling pathway, in which PGC-1α increases irisin expression, thereby up-regulating p-AMPK expression. In this study, sitagliptin improved insulin resistance and glucose metabolism by activating this signaling pathway. The higher dose of sitagliptin (ST2 group) had a more significant effect on PGC-1α, irisin, and p-AMPK, suggesting that sitagliptin affected PGC-1α, irisin, and p-AMPK in a dose-dependent manner.

PGC-1α expression in skeletal muscle not only determines the metabolic state of the skeletal muscle, but is also closely associated with the creation of an anti-inflammatory environment. Local and systemic inflammatory responses were enhanced in PGC-1α-knockout mice, and transcription levels of the inflammatory cytokines TNF-α and IL-6 in muscle tissues were significantly increased, even in heterozygous PGC-1α^+/--^ mice.^[@bibr20-0300060519885569]^ In contrast, over-expression of PGC-1α in skeletal muscle down-regulated serum and muscle IL-6 and TNF-α expression levels in rats,^[@bibr21-0300060519885569]^ suggesting that PGC-1α exerts an inhibitory effect on inflammatory cytokines. In this investigation, down-regulation of PGC-1α in skeletal muscle was associated with up-regulation of TNF-α levels in T2DM rats. Irisin is also closely related to inflammation and can down-regulate TNF-α expression.^[@bibr21-0300060519885569]^ Inhibition of inflammatory cytokines by irisin was recently proposed to be related to suppression of the NLRP3 inflammasome signaling pathway.^[@bibr22-0300060519885569]^ In the current study, the decrease in irisin in skeletal muscle of T2DM rats and the resulting decreased inhibitory effect on inflammatory cytokines may thus have contributed to the increase in TNF-α in T2DM rats. Sitagliptin has been confirmed to reduce insulin resistance by inhibiting inflammatory cytokines, such as IL-6 and TNF-α, in diabetic rats.^[@bibr18-0300060519885569]^ Interestingly, some studies found that sitagliptin also inhibited the NLRP3 inflammasome^[@bibr23-0300060519885569]^ via an identical mechanism to that used by irisin to inhibit inflammatory cytokines. In this study, PGC-1α and irisin levels were up-regulated and TNF-α was down-regulated by sitagliptin. We suggest that the inhibitory effect of sitagliptin on inflammatory cytokines depends partially on up-regulating the expression of PGC-1α and irisin. Serum TNF-α levels were more evidently decreased in the ST2 group, probably due to the greater effect of the higher dose of sitagliptin on PGC-1α and irisin, thereby exerting a greater inhibitory effect on the inflammatory cytokine TNF-α. Some studies have shown that up-regulation of PGC-1α can lower blood lipid levels,^[@bibr24-0300060519885569]^ whereas high levels of irisin were accompanied by decreased blood lipid levels.^[@bibr25-0300060519885569]^ In addition, lipid metabolism was improved by up-regulating the expression levels of PGC-1α and irisin.^[@bibr18-0300060519885569]^ In the current study, TC and TG levels were also significantly decreased in the ST2 group, probably because of the effect of sitagliptin on PGC-1α and irisin. However, low-dose sitagliptin had no significant effect on blood lipids, possibly because this dose had less effect on PGC-1α and irisin.

The DPP-4 inhibitor sitagliptin may play a role in suppressing hypoglycemia. The current results provide novel evidence for its use in the prevention and treatment of diabetes mellitus in clinical practice. However, the mechanism underlying the anti-hypoglycemic effect of DPP-4 inhibitors remains to be clarified, and more studies are needed to validate the conclusions of this preliminary study.
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